Heterotrophic bacteria can account for a large fraction of inorganic nitrogen and iron uptake in the oceans. Several studies have shown that nearly 50% of nitrate and ammonium uptake can be due to these microbes in many marine habitats (reviewed by Kirchman 2000) , and Schmidt & Hutchins (1999) found that the bacterial size fraction accounted for 10 to 57% of iron uptake along a transect from iron-rich coastal waters to the iron-limited subarctic Pacific Ocean.
There is little evidence that marine heterotrophic bacteria are ever limited by nitrogen (reviewed by Thingstad 2000, but see Seitzinger et al. 2002) , but the situation with iron limitation is less clear. Direct limitation of bacterial growth by iron has been reported in a single Southern Ocean study (Pakulski et al. 1996) , but other investigations have suggested that even in high nutrient -low chlorophyll (HNLC) regimes, the supply of organic carbon is the proximate limiting factor of heterotrophic bacteria (Church et al. 2000 . The effect of nitrogen source and low iron concentrations on bacterial energetics is largely unknown.
Some data and theoretical considerations indicate that the nitrogen source could impact bacterial growth rates and growth efficiencies. Growth rates of cultured bacteria are often highest in complex media and in media supplemented by amino acids (Marr 1991) , but this organic nitrogen effect was not observed for a mixed culture of marine bacteria (Goldman & Dennett 2000) . Growth on amino acids may not be faster if the transport costs of using several amino acids exceed the energetic advantage of avoiding amino acid synthesis, which is necessary for cells growing on ammonium and a suitable carbon source. The energetic costs of using nitrate, which must be reduced to ammonium before use in biosynthesis, seem clearer, although we are not aware of any study examining growth rates of bacteria using nitrate as a nitrogen source. Carbon growth efficiencies are similar when bacteria use glucose plus ammonium or amino acids (Goldman & Dennett 2000) , but the impact of nitrate use is not known.
Iron limitation should also affect the growth efficiencies of bacterial assemblages, based on theoretical considerations and on a few experiments with cultured marine bacteria. Tortell et al. (1996) showed that iron deficiency decreased the growth efficiency of 3 of the 5 bacterial strains they tested. Low iron concentrations apparently affected the iron-rich electron transfer sys-ABSTRACT: This study examined the effect of nitrogen source and iron availability on growth rates, electron transport system (ETS) activity and growth efficiency for the marine gamma-proteobacterium Vibrio harveyi. We found that all 3 parameters increased with increasing iron concentration and varied as a function of nitrogen source (amino acids, ammonium, and nitrate). At low iron concentrations, growth rates were highest and lowest in the amino acid and nitrate media, respectively. Rates were similar for the amino acid and the ammonium plus glucose media with sufficient iron (> 20 nM). Growth rates were lowest when nitrate was the nitrogen source, regardless of iron concentration. ETS activity per cell in the different media mostly followed the pattern in growth rates, although ETS activity for cells using nitrate was even lower than would have been predicted from the growth rate data. Growth efficiencies for iron-sufficient cells did not vary substantially among cells using the 3 nitrogen sources (45 to 55%), but they were substantially higher than growth efficiencies of iron-depleted cells (<10%). In media without added iron, cells grown on nitrate had the lowest growth efficiency, > 2-fold lower than iron-stressed cells using ammonium or amino acids as nitrogen sources. Although results from any single cultured bacterium should be applied cautiously to natural microbial assemblages, our data may help explain the low growth efficiencies and growth rates in iron-limited oceanic regimes with high nitrate but low chlorophyll concentrations.
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Resale or republication not permitted without written consent of the publisher tem (ETS) which is essential for ATP synthesis in aerobic heterotrophic bacteria. Unfortunately, interactions between the nitrogen source and iron availability were not examined.
The purpose of this study was to further explore the impact of iron limitation on bacterial energetics and to examine interactions between the nitrogen source and iron concentrations in determining bacterial growth. In addition to impacts on ETS activity, low iron concentrations could affect bacterial growth via effects on nitrate use. Nitrate assimilation depends on 2 enzymes, nitrate reductase and nitrite reductase, that require iron as a cofactor (reviewed by Tortell et al. 1999) . Consequently, we hypothesized that growth rates would be lower for iron-stressed cells using nitrate rather than amino acids or ammonium as nitrogen sources. We found that growth rates and growth efficiency of the marine bacterium Vibrio harveyi decreased with decreasing iron concentrations and that both growth parameters were lowest for iron-stressed cells using nitrate.
Materials and methods. The experiments were conducted with the gamma proteobacterium Vibrio harveyi because it readily grew in the media tested here and because other aspects of its metabolism have been examined extensively (e.g. Montgomery & Kirchman 1993 , Bassler et al. 1994 , Svitil et al. 1997 ). Preliminary experiments indicated that a strain of the alphaproteobacterium Roseobacter sp. grew too poorly in these media to be practical for this study. The BB7 strain of V. harveyi was inoculated into LM broth (Ausubel et al. 1992 ) and grown overnight before each experiment. One aliquot of 1.5 ml was centrifuged for 10 min at 10 000 rpm and washed twice in iron-free media. The cell pellet was then resuspended in an iron-free medium supplemented with AQUIL, an artificial culturing medium (Price et al. 1989 ) and held under iron-free conditions for 4 h prior to the beginning of each experiment. Experimental cultures were inoculated with approximately 10 5 cells ml -1
. Cells were enumerated with acridine orange or DAPI staining and epifluorescence microscopy and by measuring the optical density at 600 nm.
For experiments examining growth on inorganic nitrogen, bacteria were grown in a chelexed minimal medium consisting of 1.5 mM glucose (9 mM C), 1.5 mM NH 4 + or NO 3 -, and 0.15 mM phosphate added to 0.2 µm filtered surface Sargasso Sea water. The amino acid medium (9 mM C) contained the amino acids representative of an Escherchia coli cell (Schulz & Schirmer 1979) and 0.15 mM phosphate. This medium was passed over Chelex columns to remove all trace metals, after which AQUIL trace metals without iron or EDTA were added at standard concentrations (Price et al. 1989 ) along with various concentrations of iron (see 'Results'). Media were sterilized by microwaving 4 times at 1200 W, 3 min each time (Keller et al. 1988) . In media without added iron ('ironfree media'), concentrations of iron were undetectable (≤1 nM) by electrochemical methods (Van den Berg et al. 1991) .
ETS activity was assessed by following the reduction of 2-(4-iodophenyl-3-(4-nitrophenyl)-5-phenyl-tetrazolium (INT) (Packard & Williams 1981) . From the cell cultures, 10 ml aliquots were removed and centrifuged for 10 min at 10 000 rpm. Cells were resuspended in homogenization buffer and sonicated for 4 min. The resulting solution was centrifuged for 10 min at 10 000 rpm, and 1 ml of the supernatant was added to 3 ml of substrate buffer. After 1 ml of INT stock solution (100 mg INT in 50 ml Milli-Q water) was added, the solution was incubated for 10 min at room temperature. The optical density was measured at 490 nm and then divided by cell numbers to obtain activity per cell.
The growth efficiency of Vibrio harvey in the 3 media was estimated by following the assimilation and respiration of either 14 C amino acids or 14 C glucose added to the amino acid or inorganic nitrogen media. After inoculation, 0.6 µCi of the appropriate 14 C compound was added to 10 ml of media. Cultures were allowed to reach early stationary phase, after which they were acidified and the evolved 14 CO 2 was trapped in a basic scintillation cocktail (Crawford & Crawford 1976) . To determine uptake and biomass production, the sample was also filtered (0.22 µm nitrocellulose filters), and the filter was rinsed twice with sterile media. Growth efficiency was then calculated from R b/(Rr+R b) × 100, where R b is radioactivity in biomass collected on the filter and Rr is the respired 14 CO 2 . Unlike field studies, growth efficiencies determined with 14 C-labeled compounds depend only on the assumption that the labeled and unlabeled compounds are used similarly. Isotopic equilibrium was reached, since cells took up the radiolabeled carbon source over at least 4 generations (for the slowest growth rate) before growth efficiencies were measured.
Results. Growth rates and ETS activity: We hypothesized that bacterial activity would depend on both iron concentrations and nitrogen source, because both iron and the form of nitrogen used for growth are likely to affect cellular energetics. To test this hypothesis, various growth parameters of the marine bacterium Vibrio harveyi were measured in batch cultures in which iron concentrations and the nitrogen source varied. A sample growth curve for cells growing on amino acids at different iron concentrations is shown in Fig. 1 . The concentration of iron in the 'iron-free' media was below detection (<1 nM), but some growth was measurable after a lag period (Fig. 1) even when iron was not added, presumably due to trace iron contamination or cellular iron stored during previous growth of the stock culture in the iron-replete medium. Nevertheless, growth and other metabolic parameters did vary with concentrations of added iron (see below), indicative of iron limitation.
Growth rates of Vibrio harveyi varied significantly as a function of both nitrogen source and iron concentrations ( Fig. 2 ; p < 0.05, ANOVA). The average growth rate in the amino acid medium increased by about 2-fold as iron was added up to 20 nM (Fig. 2) ; the increase was statistically significant until about 20 nM (r 2 = 0.46 for a linear regression of growth rate vs Fe concentration; p < 0.005). Growth rates seemed lower in 30 and 50 nM than in 20 nM of iron, but this difference was not statistically significant (Student's t-test, p > 0.05). Growth rates of cells using ammonium also increased as more iron was added up to 10 nM Fe. In contrast, growth on nitrate plus glucose remained uniformly low until 10 nM Fe was added (Fig. 2) .
Growth rates were highest with amino acids, especially for low iron concentrations (≤ 20 nM), even though organic carbon and nitrogen concentrations were similar for all treatments. The bacterium grew at least 2-fold faster on amino acids than on ammonium or nitrate in low iron concentrations (Fig. 2) . Growth rates on amino acids were higher than on nitrate for all iron concentrations, but rates were similar for amino acid and ammonium-grown cells when iron concentrations were ≥ 30 nM. Growth rates for ammoniumgrown cells were either higher than rates for nitrategrown cells (2, 5, 30 and 50 nM iron) or the same (0, 10, 15, and 20 nM iron).
The activity of the electron transfer system at midlog phase mostly followed growth rates and varied as a funtion of N source and iron concentrations. ETS activity per cell was lowest in the absence of added iron, regardless of the N source (Fig. 3) , and increased by about 10-fold when 30 nM Fe was added to the amino acid and ammonium medium. ETS activity per cell also increased in the nitrate media when iron was added, but the increase was only about 2-fold (21.5 ± 5.6 vs 8.5 ± 1.1 SD, arbitrary units). The ETS activity of nitrate-grown cells was substantially lower than the activity of cells growing on amino acids or ammonium under iron-replete conditions.
Growth efficiency: The growth efficiency of Vibrio harveyi with added iron (50 nM) was substantially higher than of iron-starved cells (45 to 55% vs <10%), regardless of the nitrogen source (Fig. 4) . The experiment was repeated 3 times, with similar results. Growth efficiency did not differ significantly (p > 0.05) in the 3 N media when cells were iron-replete, but did vary significantly for iron-starved cells using different nitrogen sources. The growth efficiency of cells growing on reduced nitrogen (amino acids or ammonium) was about 8-fold higher than that for cells using nitrate plus glucose when no iron was added to the media (p < 0.05; Student's t-test). Iron starvation led to low growth efficiencies, but forcing cells to grow on nitrate as well as low iron concentrations led to the lowest efficiencies.
Implications for understanding elemental cycles in the oceans: Oceanic prokaryotic and eukaryotic microbes survive and reproduce in a complex mixture of nutrients, nearly all of which occur in very low concentrations even when only a single element, such as nitrogen or iron, is presumed to limit biomass production. It is surprising how little we know about the The present results support our original hypothesis about the effect of nitrogen source and iron availability on bacterial growth and growth efficiency. Growth rates of the marine bacterium tested here, Vibrio harveyi, were highest on amino acids and lowest on nitrate plus glucose. These results are consistent with previous studies on natural microbial assemblages (e.g. Kirchman et al. 1994 ) that demonstrated the preference of heterotrophic bacteria for reduced nitrogen sources (organic nitrogen or ammonium) over nitrate (see review by Kirchman 2000) . Surprising was the fact that growth on nitrate was poor even when organic carbon concentrations were very high. The growth efficiency of even iron-replete cells using nitrate plus glucose was lower than that for ammonium plus glucose-grown cells, although the difference (25%) was less than would be expected (56%) based on a theoretical model of bacterial energetics (Vallino et al. 1996) . Therefore, the energetic cost of nitrate use was compensated partially by increased organic carbon use relative to biomass production (thus resulting in a lower growth efficiency), but nitrate use still led to low growth rates despite high organic carbon concentrations. Cell yields (cells per ml at early stationary phase) were also lowest in the nitrate media (results not shown), suggesting that grazing by bacterivores may be impacted when nitrate is the major nitrogen source for heterotrophic bacteria.
Another measure of energetics, ETS activity, appeared to be a function of both growth rate and growth efficiency. Similar to the results of Tortell et al. (1996) , there was a high correlation between ETS activity and growth rate in our data (r = 0.88; n = 6; p < 0.05), but the relationship was less close than suggested by that correlation. Unlike growth rates, the ETS activity of irondepleted cells was similar for all 3 nitrogen sources. Iron-depleted cells had lower growth rates, growth efficiencies and ETS activity than iron-replete cells, but the difference was much larger for the latter 2 parameters than for growth rates. In cases when growth rate and ETS activity do not covary, a portion of ETS activity may be devoted to energy production uncoupled from growth. This hypothesis may explain why the ETS activity of Fe-replete cells was much lower (nearly 5-fold) in the nitrate plus glucose medium than in the other 2 iron-replete media; the difference in ETS activity was much larger than the difference in growth rate, and was not seen at all in the growth efficiency data. These data indicate that there is no simple relationship between growth efficiency, growth rates, and cellular energetics as measured by ETS activity. Our results confirm those of Tortell et al. (1996) , who found that iron limitation led to lower growth efficiencies in 3 of the 5 strains they examined. Of these 3 strains, the average growth efficiency was 37% for iron-sufficient cells versus 19% for iron-deficient cells. Iron had an even larger impact (nearly 10-fold) on the growth efficiency of Vibrio harveyi, which was <10% for iron-deficient cells regardless of nitrogen source. The reduction in growth efficiency arising from iron deficiency in our experiments was even larger than that seen when microbes are limited by ammonium or potassium (Neijssel et al. 1996) , perhaps because of the direct impact of iron deficiency on ETS activity. However, the results of Tortell et al. (1996) and the present study suggest that bacterial strains differ greatly in their sensitivity to low iron concentrations. Whether iron requirements of uncultured bacteria vary as a function of phylogenetic group or habitat (as do phytoplankton iron requirements : Brand 1991 , Sunda & Huntsman 1995 , is currently unknown (Hutchins et al. 2001) .
Our results may help explain the low growth efficiency (ca. 15%) thought to be common in open-ocean habitats (del Giorgio & Cole 2000) . This low growth efficiency is usually explained by the quality and quantity of dissolved organic material (DOM) available for supporting heterotrophic bacterial growth, but because iron concentrations in surface waters are very low in open-ocean regimes (Johnson et al. 1997) , iron may also impact growth efficiencies and other aspects of bacterial energetics even when biological production is not iron limited. Low concentrations of other inorganic nutrients, such as phosphate, that limit bacterial growth in some oceanic regimes (Thingstad 2000) could also impact growth efficiencies (Neijssel et al. 1996) . Even organic carbon-limited heterotrophic bacteria have to cope with low concentrations of iron and other inorganic nutrients. The impact of low inorganic nutrient concentrations on growth efficiency and other aspects of bacterial energetics is probably not revealed by standard bioassays for determining which element limits growth of heterotrophic bacteria. The short duration of bioassays (a couple of days at most, which is equivalent to only 1 or 2 generation times) complicates attempts to observe any secondary effects, such as enhanced growth due to changes in growth efficiency following addition of an inorganic nutrient.
The effect of nitrogen source and iron availability is perhaps most important in HNLC regimes, such as the Southern Ocean, and is especially critical in global climate-change models (Sarmiento & LeQuere 1996 , Sarmiento et al. 1998 . Nitrate concentrations are high in HNLC regimes, but iron availability is low and limits primary production (Martin et al. 1991) . In one HNLC regime, the subarctic Pacific Ocean, heterotrophic bacteria account for a large fraction of nitrate uptake and rely on it as a nitrogen source, along with free amino acids and ammonium (Kirchman & Wheeler 1998) . Our laboratory experiments suggest that low iron concentrations prevent even more nitrate use by heterotrophic bacteria in the subarctic Pacific, and probably in other HNLC oceans. The combination of high nitrate concentrations but low iron availability could lead to low bacterial growth rates in these HNLC systems. It is unclear, however, whether growth efficiencies are any lower in HNLC regimes than in ironreplete waters (Sherry et al. 1999) . Some of the lowest bacterial growth rates have been measured in HNLC regimes (Ducklow 2000) , but these low rates could be due to insufficient DOM rather than insufficient iron (Church et al. 2000 . Further work is needed to explore these issues in greater detail and to determine the interactions among organic carbon, nitrogen source and iron in regulating the growth and energetics of oceanic bacterial communities.
